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Table 1. Santa Maria Province wells with temperature data

[See figures 1 and 2 for well locations. TRS, township, range, and section; Log T.D., temperature log total depth; Elev, elevation

above sea level]

TEMPERATURE, IN DEGREES CELSIUS

Figure 5. Temperature logs from Santa Maria Valley Oil
Field. Temperatures are offset for presentation by the follow-
ing amounts: BD10, -8°C; BDO06, 0°C; WYL2, +8°C; CLO1,
+16°C; BT08, +24°C; VN15, +32°C. See figures 1 and 2 for
well locations.

Field Operator Well Code Latitude Longitude TRS Log T.D. (m) Elev (m)
(N) (W)
Guadalupe Unocal Le Roy P6 LYP6  34°59.9 120°36.3' 11N 35W Sec 32 830 44
Le Roy Q5 LYQ5 34°59.3' 120°36.2' 11N 35W Sec 34 771 21
Santa Maria Valley Unocal Union Sugar 44 SG44  34°55.9' 120°29.77 10N 34W Sec 19 1477 56
Vincent 15 VN15  34°55.1' 120°24.3' 10N 34W Sec 25 745 87
Battles 8 BT08  34°55.2' 120°24.2' 10N 34W Sec 25 674 91
Calif. Lands 1  CLO1  34°54.9' 120°23.77 10N 33W Sec 30 1061 97
Wylie 2 WY02 34°54.7" 120°23.8' 10N 33W Sec 30 945 116
Bradley 1-6 BD06  34°54.7' 120°24.9' 10N 34W Sec 25 1241 82
Bradley I-10 BD10  34°54.7" 120°25.0' 10N 34W Sec 25 956 81
Cat Canyon Unocal Bell 83 BL83  34°49.0' 120°19.4° 9N 33W Sec 35 869 341
Bell 133 B133  34°49.1' 120°19.6' 9N 33W Sec 35 914 340
Bell 165 B165  34°49.4' 120°19.4’ 9N 33W Sec 26 747 293
Blochman 29 BH29 34°50.0' 120°19.4° 9N 33W Sec 26 786 232
Texaco Tunnell 8A TUNS8 34°52.7 120°19.0' 9N 33W Sec 11 762 138
Los Alamos 68 LA68  34°48.2' 120°18.3' 8N 33W Sec 1 662 259
Orcutt Hill Unocal  Pinal 12 PL12  34°50.2' 120°24.9 9N 34W Sec 24 288 228
Lompoc Unocal  Purisima 34 PU34  34°42.7 120°26.1' 7N 34W Sec 2 693 152
Purisima 39 PU39  34°42.1' 120°26.5" 7N 34W Sec 15 817 119
Zaca Texaco Luton 113 LUTN 34°44.4' 120°10.2' 8N 31W Sec 29 503 327
Pt. Conception Unocal State 10-6 PC10  34°26.7 120°27.5° 4N 34W Sec 8 824 9
State 13-6 PC13  34°26.7 120°27.5' 4N 34W Sec 8 912 9
State 15-6 PC15 34°27.1' 120°28.0' 4N 34W Sec 8 976 40
Pt. Arguello Texaco  Pt. Arguello1  PAl 34°28.2'  120°40.9 N/A 1804 -206
Pt. Arguello 2 PA2 34°28.2'  120°40.9’ N/A 1866 -206
Pt. Arguello3  PA3 34°28.2'  120°40.9' N/A 1693 -206
Pt. Arguello4 PA4  34°28.2° 120°40.9’ N/A 2460 -206
Pt. Arguello 5 PAS 34°28.2'  120°40.9’ N/A 2225 -206
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Figure 6. Commercial temperature logs from Cat Canyon Oil
Field. Temperatures are offset by the following amounts:
B165, —14°C; BK29, 0°C; BL83, +7°C; B133, +18°C. See fig-
ures 1 and 2 for well locations.
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9 provides an illustration of this for the Santa Maria Valley
field. In the absence of obvious disturbances, temperature
gradients in the younger sediments of the Careaga Sandstone,
Paso Robles Formation, and Orcutt Sand generally range
between 20 and 40°C/km. Taken together, these units are
approximately 400 to 600 m thick in the Guadalupe and
Santa Maria Valley fields but are often absent or greatly
attenuated in other areas (Worts, 1951; Dibblee, 1950; Woo-
dring and Bramlette, 1950). Profiles in the older mudstones,
siltstones, and shales of the Monterey Formation, Sisquoc
Formation, and Foxen Mudstone are remarkably linear, with
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Figure 7. Temperature logs from the Point Conception, Lom-
poc, and Zaca Oil Fields. Temperatures are offset by the fol-
lowing amounts: PC10, —18°C; PC13, =12°C; PC15, —4°C;
PU34, +12°C; PU39, +12°C; LUTN, +36°C. See figures 1 and 2
for well locations.
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Figure 8. Temperature logs from Point Arguello Oil Field.
Temperatures are offset by the following amounts: PA4,
—-8°C; PA1, 0°C; PA3, +12°C; PA5, +20°C; PA2, +32°C. See
figure 1 for well locations.

gradients ranging between 45 and 60°C/km, although dis-
turbances at the levels of producing zones are common.
(These disturbances reflect communication with nearby pro-
ducing wells and typically do not affect thermal equilibrium
in the overlying sections of an idle well.) As with the shallow
Pliocene and Pleistocene sediments, these formations vary
in thickness and character throughout the basin. The Foxen
Mudstone occupies more than half of the logged intervals in
the data from the Guadalupe, Santa Maria Valley, and Zaca
fields, whereas most of the temperature data for Orcutt,
Lompoc, and Cat Canyon fields are from the Sisquoc For-
mation. In the Point Conception wells, the primary logged
units are the Gaviota Formation and the Rincon Mudstone,
and in the Point Arguello field the data cover the offshore
sedimentary section from the Monterey and Sisquoc reservoir
rocks up through the offshore stratigraphic equivalents of
the Foxen, Careaga, and Paso Robles (Crain and others,
1985). Measured temperatures are not available for the Point
Sal Formation, Lospe Formation, or basement rocks.

THERMAL CONDUCTIVITY DATA

In the absence of advective or radiative disturbances
to the thermal field, the vertical component of conductive
heat flow can be calculated from the equation

q=7""a—" (1)

where 07/dz is the vertical temperature gradient, A is the
thermal conductivity, and ¢ is the heat flow. Ideally, accurate
temperature and thermal conductivity data are available from
a combination of precision well logging and continuous
coring in the same well. In reality, for the Santa Maria
province and other sedimentary basins, core samples are
available from only a fraction of the total number of wells,
and the sampled wells are generally not those idled and later
logged for temperature. This substantially increases the
uncertainty of heat-flow determinations unless a systematic,
quantifiable method can be used to combine the two data sets.

The development of an adequate method must address
two critical components of porous rock conductivity—min-
eralogy and porosity (Horai, 1971; Sass, Lachenbruch, and
Munroe, 1971). Changes in both mineralogy and porosity
have a significant impact on the bulk thermal conductivity,
and studies that rely on combining measurements from dif-
ferent locations must account for possible variations in
these components. In a sedimentary basin, facies changes
and varying compaction trends are probably the most sig-
nificant sources of mineralogy and porosity changes.

For the present study, the following steps were taken
for determining the values of thermal conductivity appropri-
ate for each logged well. First, wherever possible, samples
were taken from wells within 2 km of logged wells in an
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effort to minimize the effects of lateral variations in conduc-
tivity (see fig. 2). Next, thermal conductivity was determined
by one or more of three methods. A divided bar apparatus
(Sass, Lachenbruch, Munroe and others, 1971) was used for
rock samples competent enough to withstand machining and
saturating, and measurements from the divided-bar provided
both bulk thermal conductivity (Ay) and porosity (¢). Needle
probe (Von Herzen and Maxwell, 1959) and half-space nee-
dle probe (Vacquier, 1985) techniques were applied on a few
samples to obtain A,. The crushed chip method, which yields
ameasure of the matrix conductivity (A,; Sass, Lachenbruch,
and Munroe, 1971), was applied on ground-up samples from
the remaining cores and cuttings. The divided-bar and needle-
probe methods are typically accurate to x5 percent and
repeatable to +2 percent (Sass and others, 1984). The chip
method is accurate to +10 percent and repeatable to 5
percent (Sass, Lachenbruch, and Munroe, 1971). In all, 365
conductivity measurements were made, including a few chip
measurements on ground-up divided-bar “cookies”. Sum-
mary information on the sample wells, measurement tech-
niques, and formations is given in table 2.

The measurements of A, and A, were divided among
the major formations and examined for their variability

with depth, location, and ¢. The results for the onshore
Santa Maria basin are summarized in table 3 and figures 10
to 14. When trying to correctly link samples to their respec-
tive formations, there is often ambiguous or contradictory
evidence. Ideas regarding formation characteristics and
markers have changed over the years, as have the names of
the formations themselves. Although every effort has been
made to identify the correct formation for each sample,
there are certainly a small number of mistakes. In all likeli-
hood these misidentifications do not affect the final results,
but they do limit the accuracy with which we can character-
ize the thermal properties of a given formation.

Conductivity of the Gaviota Formation,
Rincon Mudstone, and Basement Rocks

Because samples of the basement rocks of the Santa
Maria basin could be cut and saturated without crumbling,
direct measurements of bulk conductivity were possible.
For this sample set, basement rocks include undifferentiated
samples from the Franciscan assemblage and Great Valley
sequence, with the possible addition of a few samples from

GRADIENT, IN DEGREES

CELSIUS PER KILOMETER
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Figure 9. Temperatures, temperature gradients, and calculated interval heat flow (solid circles) for the BD06
well. Note correlation of depressed gradients and heat flow with the permeable Paso Robles Formation and
Careaga Sandstone. See figure 2 for well location. Vertical error bars indicate depth interval over which heat
flow was calculated. Horizontal error bars indicate uncertainty in calculated heat-flow value.
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Table 2. Thermal conductivity sample wells

[See figures 1 and 2 for well locations. TRS, township, range, and section; N, number of samples; Mdst., mudstone; Ss., sandstone; Fm., formation]

Field Operator Well Code Latitude Longitude TRS N Units
N w
Guadalupe Unocal Le Roy 1-A LY1A  34°58.5' 120°33.6° 10N 36W Sec2 1 Foxen Mdst.
Le Roy 3 LY03  34°58.6" 120°38.7" 10N 36W Sec2 1 Foxen Mdst.
Le Roy 4 LY04  34°58.77 120°38.7" 10N 36W Sec2 1  Foxen Mdst.
Santa Maria Valley Unocal Union Sugar 2 SG02  34°55.8' 120°29.5' 10N 34W Sec 19 15 Careaga Ss., Foxen Mdst., Sisquoc Fm.
Shell Union Sugar A-4 SGA4 34°54.5' 120°31.0' 10N 34W Sec 31 31 Paso Robles Fm., Careaga Ss.
Unocal Le Roy 1 LYo1 34°57.0' 120°28.0' 10N 34W Sec 16 4 Monterey Fm.
Security 1 SEC1  34°55.8' 120°29.2' 10N 34W Sec20 2  Monterey Fm.
Bradley 2-3 BD03  34°54.3' 120°24.3' 10N 34W Sec 36 2 Monterey Fm.
Adam 1 ADO01  34°56.0° 120°24.3' 10N 34W Sec 24 16 Foxen Mdst., Sisquoc Fm., Monterey Fm.
Calif. Lands 1 CL01  34°54.9' 120°23.7" 10N 33W Sec 30 46 Monterey Fm., Point Sal Fm., Basement rocks
Gallison 1 GAL1 34°54.7 120°25.5' 10N 34W Sec 26 38 Foxen Mdst., Sisquoc Fm., Monterey Fm.
Laine 1 LNE1 34°56.5° 120°24.4' 10N 34W Sec 13 14 Foxen Mdst., Sisquoc Fm.,
Monterey Fm., Basement rocks
Rice 1 RCE1 34°56"  120°23.6' 10N 33W Sec 19 49 Carega Ss., Foxen Mdst., Sisquoc Fm.,
Monterey Fm., Basement rocks
Vincent 1X VNI1X 34°55.5' 120°24.5' 10N 34W Sec 25 15 Point Sal Fm., Basement rocks
Battles 2 BT02 34°56.0' 120°24.2' 10N 34W Sec24 1 Foxen Mdst.
HB Enos 1 EN01  34°56.6° 120°24.9' 10N 34W Sec 13 1 Sisquoc Fm.
Cat Canyon Mobil Neotsu 11-13 NU13  34°51.8' 120°18.6' 9N 33W Sec13 10 Foxen Mdst., Sisquoc Fm.
Texaco Los Alamos 32 LA32  34°48.3' 120°17.3’ 8N 32W Sec 6 4 Foxen Mdst., Sisquoc Fm.
Williams 1 WLo1  34°49.0' 120°16.2' 9N 32W Sec32 5  Sisquoc Fm.
Orcutt Unocal Newlove 51 NW51  34°49.0' 120°25.0' 9N 34W Sec 25 43 Sisquoc Fm.
Lompoc Careaga 1 CGA1 34°44.0° 120°24.0' 8N 33W Sec 31 17 Sisquoc Fm., Monterey Fm.
Zaca Texaco Chamberlin 1 CHM1 34°43.0° 120°09’ 8N 31W Sec 33 7 Foxen Mdst., Sisquoc Fm.
Pt. Conception Offshore Texaco  Jade 19 JD19  34°25.0° 120°23.0° 4N 33W Sec13 29 Monterey Fm., Rincon Mdst.,
Gaviota Fm.
Pt. Arguello Texaco Pt Arguello 6 PA6 34°28.2"°  120°40.9’ N/A 9  Monterey Fm.
Pt Arguello 7 PAT 34°28.2'  120°40.9' N/A 4 Sisquoc Fm., Monterey Fm.
315-1 T315 34°28' 120°41' N/A 7 Monterey Fm.
Table 3. Bulk and matrix thermal conductivity by stratigraphic unit
[Mdst., mudstone; Ss., sandstone; Fm., formation; N.A., not applicable]
Bulk! (A) Matrix (Am)
Unit Number  Conductivity? (W/m-K) Number  Conductivity? (W/mK)
of Samples of Samples
Basement rocks 37 2.85+0.56 N.A.
Gaviota Fm. N.A. N.A. 3 3.41+0.48
Rincon Mdst. N.A. N.A. 8 2.00+0.07
Monterey Fm. 30 2.27+0.34 26 2.3540.39
Sisquoc Fm. 10 1.78+0.21 100 2.20+0.29
Foxen Mdst.
Lower part 9 1.4740.10 24 2.461+0.43
Upper part N.A. N.A. 7 3.10+0.13
Paso Robles Fm. and
Careaga Ss. N.A. N.A. 34 2.93+0.45
!Bulk conductivities were measured in the vertical direction. Printed averages are harmonic means.
2Uncertainties given are plus or minus one standard deviation.
F8  Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



the Point Sal and Monterey Formations. The measured con-
ductivities are highly variable (fig. 10), but the absence of
any depth dependence for the results suggests that the vari-
ability in conductivity reflects variability in both the miner-
alogy and porosities of the samples. The harmonic mean
basement bulk thermal conductivity of 2.85 Watts per meter
per Kelvin (W/m-K) is the highest of all the formations
studied, a result which reflects both low porosity and a high
quartz content.

Matrix conductivities of the Gaviota Formation and
Rincon Mudstone were measured on samples from Texaco
Jade 19, a well located in the Conception Offshore field
adjacent to the Point Conception field (table 3). Given the
small sample size, the uncertainties are large, and it is not
possible to identify systematic variations with depth. The
average results reflect the expected contrast between a
high-conductivity sandstone (Gaviota) and a low-conduc-
tivity mudstone (Rincon).
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Figure 10. A, Bulk thermal conductivities measured on base-
ment-rock samples and plotted versus depth. B, Histogram of
these conductivities.

Conductivity of the Monterey Formation

For the Monterey Formation, a mix of divided-bar and
chip measurements were made. For both matrix and bulk
conductivities, there is no apparent correlation of conductiv-
ity with depth (fig. 11), and the values are generally low,
with a fair amount of scatter. The range of values is consistent
with the diversity of lithologies represented in the Monterey
(Isaacs, 1984) and also reflects variations in conductivity
owing to silica phase changes.

Isaacs (1984) has suggested that the phase transitions
of biogenic silica from opal-A to opal-CT at approximately
50°C and opal-CT to quartz at approximately 80°C signifi-
cantly alter the whole-rock thermal conductivity. Because
diatomaceous rocks are common in both the Monterey and
Sisquoc Formations (Woodring and Bramlette, 1950) and
the present-day temperatures of these formations cover the
range of silica-phase-transition temperatures (figs. 4-9), the
possible role of silica phase transitions in conductivity vari-
ations should be quantified.

Both Monterey and Sisquoc diatomaceous rocks from
the Santa Maria basin have been examined by Isaacs, Taggart,
and others (1989), and the following observations have been
made. The primary effect of silica diagenesis is the loss of
porosity, with representative porosities for these formations
in each of the three phases being 60 percent for opal-A, 40
percent for opal-CT, and 20 percent for quartz (Beyer, written
commun., and Isaacs, 1981b). In addition, mineral conduc-
tivities for each phase are A;=7.7 W/m-K for quartz (Horai,
1971), Ap=3.7 to 4.5 W/m-K for opal-CT (Horai, 1971;
Diment and Pratt, 1988), and A,=1.4 to 1.7 W/m-K for opal-
A (Horai, 1971; Diment and Pratt, 1988; De Rito and others,
1989). The changes in mineral conductivity are large and
can dominate the bulk conductivity. De Rito and others
(1989) measured a matrix conductivity of 1.7 W/m-K on a
nearly pure diatomite from the Modelo Formation in the
central Ventura basin, and the associated porosity of 55
percent reduced the bulk-rock conductivity to 0.9 W/m-K.

In the Santa Maria basin, with some notable exceptions
in the diatomite deposits of the Purisima Hills and Santa
Ynez Mountains (Dibblee, 1950; Woodring and Bramlette,
1950), the composition of a typical Monterey or Sisquoc
sample may be approximately 30 percent by weight silica,
65 percent detritus (clays, feldspars, and detrital quartz),
and 5 percent carbonate (calcite and dolomite) (Isaacs, Tag-
gart, and others, 1989, and Isaacs, Jackson, and others,
1989). (Note that measured percentages vary over a wide
range and that these values are intended for illustrative pur-
poses only.) With the simplifying assumption that volume
percentages are approximately the same as weight percent-
ages, the matrix conductivity of this theoretical sample can
be written as

9

YAk b @

Ay = Ay

m =
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where ¢y, 9, ..., ¢, are the volume fractions of the constit-
uents with conductivities Aj, A, .., A, (Sass, Lachen-
bruch, and Munroe, 1971).

With conductivities for the detritus and carbonate
taken as 2.0 and 4.5 W/mK, respectively, the resulting
matrix conductivities in each of the three silica phases are
Ap (opal-A)=2.0 W/mK, A, (opal-CT)=2.7 W/mK, and
Am (quartz)=3.1 W/m-K. With the aforementioned porosi-
ties of 60 percent, 40 percent and 20 percent, and a sim-
plification of equation (2) to

Ay = }"rln-¢ : 7‘3 ) 3

where 1-¢ is the solid fraction and A, is the conductivity
of the saturating fluid (assumed to be water with A,,=0.61
W/m-K at 25°C), the resulting bulk conductivities are A;
(opal-A)=1.0 W/m'K, Ay, (opal-CT)=1.5 W/m'K, and A
(quartz)=2.3 W/m-K.
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For a constant heat flow of 80 mW/mz, the correspond-
ing thermal gradients would be 80, 53, and 35°C/km. How-
ever, if the porosity is constant at 40 percent, the bulk
conductivities are 1.2, 1.5, and 1.6 W/m-K, which correspond
to gradients of 67, 53 and 50°C/km. Therefore, given the
relatively low percentage of silica in many Monterey and
Sisquoc Formation rocks, the effects of changing matrix
conductivities with changing silica phase are minor com-
pared to the effects of the concurrent decrease in porosity.
The Monterey Formation conductivities in figure 11 are from
samples entirely in either the opal-CT or quartz phase, and
consequently, the use of a single average matrix conductivity
with a locally determined porosity is justified.

Conductivity of the Sisquoc Formation

As with the Monterey Formation, thermal conductivity
measurements on the Sisquoc Formation samples involved
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Figure 11. A, Bulk thermal conductivities of Monterey Formation samples plotted versus depth. B, Histogram of these bulk
conductivities. C, Matrix thermal conductivities of Monterey samples plotted versus depth. D, Histogram of these matrix

conductivities.
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both the divided-bar and chip techniques. Samples from the
Sisquoc and younger units are generally fragile and more
difficult to work with than Monterey and basement samples.
Consequently, most of the thermal conductivity data from
these formations comes from chip measurements. The Sis-
quoc bulk conductivities are lower than Monterey Formation
results, a trend which reflects increasing porosity from a
mean of 8.5 percent for the Monterey core samples to 21.1
percent for the Sisquoc samples. The Sisquoc matrix con-
ductivities range from a low of 1.59 W/m-K to a high of 3.18
W/m-K (fig. 12C), but given the apparently normal distribu-
tion about the mean of 2.2, these extremes probably reflect
mineralogic variability within the formation.

Conductivity of the Foxen Mudstone

The strong depth-dependence of the Foxen Mud-
stone matrix conductivities is unique among the Santa

1.0 15 2.0 25 3.0
500 Y
° o :
A
700
w
o
”h_j 900
=
Z
I
£ 1100
w
a
.
PY [ ]
1300 N
. .
1500
1.0 15 20 25 3.0
BULK THERMAL CONDUCTIVITY, IN WATTS PER METER PER KELVIN
4
B
3
» N
w
-
o
=
&
w2
o
S NN
4 N
: N
2
z
1 N\
0 N
1.0 15 20 25 30

BULK THERMAL CONDUCTIVITY, IN WATTS PER METER PER KELVIN

Maria province units (fig. 13). This result is consistent
with both electric-log measurements and geologic studies.
Resistivity logs from the upper 100 to 200 m of the
Foxen Mudstone typically show high resistivities consis-
tent with the sand-rich facies of the overlying Careaga
Sandstone and Paso Robles Formation, and logs from the
lower part of the Foxen reveal low resistivities similar to
those of the underlying mudstones and diatomites of the
Sisquoc Formation (Curran and others, 1959). Both Dib-
blee (1950) and Woodring and Bramlette (1950) note the
increasing abundance of sandstone and siltstone in the
upper part of the Foxen as it grades into the Careaga
Sandstone.

Consequently, for consistency with thermal proper-
ties and lithologic variations, we have divided the Foxen
Mudstone into upper and lower parts (table 3), with the
upper part of the Foxen representing the top 30 percent
of the unit and the lower part of the Foxen representing
the remaining 70 percent. It should be noted that these
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Figure 12. A, Bulk thermal conductivities of Sisquoc Formation samples plotted versus depth. B, Histogram of these bulk
conductivities. C, Matrix thermal conductivities of Sisquoc samples plotted versus depth. D, Histogram of these matrix

conductivities.
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Figure 13. A, Matrix thermal conductivities from Foxen Mud-
stone plotted versus depth (2) divided by the unit thickness
(H) for each sample well. Note strong depth-dependence
and marked difference between conductivities for zZH<0.3
and those for zZH>0.3. B, Histogram of conductivities from
the upper part of Foxen Mudstone (zH<0.3). C, Histogram
of conductivities from the lower part of Foxen Mudstone (2
H>0.3).

designations are only intended for use in these thermal
studies and should not be construed as an attempt to
revise the standard stratigraphic nomenclature. As table 3
and figure 13 show, the contrast in the mean matrix ther-
mal conductivity between the upper and lower parts of
the Foxen is approximately 0.64 W/m-K.

Conductivity of the Careaga Sandstone and the
Paso Roles Formation (Part)

Petroleum companies active in the Santa Maria prov-
ince generally drill through these poorly consolidated
Pliocene and Pleistocene units without taking note of for-
mation contacts, and the few well logs from the region
that cover both units do not always reveal a consistent
marker between the Paso Robles and Careaga (for exam-
ple, Curran and others, 1959). Water resources investiga-
tions provide some information (Worts, 1951; Upson and
Thomasson, 1951; Miller and Evenson, 1966), but for
many sample wells, it is not possible to conclusively tie
the available nonmarine sandstone samples to either unit.
Consequently, thermal data for these two units are lumped
together and a single mean value obtained. The data do
not reveal any depth dependence to the matrix conductivi-
ties (fig 14A), and the high mean and range of values (fig.
14B; table 3) are consistent with the dominant quartz-rich
sandstone facies.

Anisotropy

Because geothermal studies focus on the vertical
component of near-surface heat flow, directional varia-
tions in thermal conductivity measurements must be rec-
ognized and corrected for. For the bulk conductivity
values summarized in table 3, all of the measurements
are on vertically oriented samples, thereby avoiding prob-
lems with anisotropy. The matrix conductivities from
chip measurements, however, are essentially an average
of both the vertical and horizontal components of con-
ductivity. If the sampled formation is substantially aniso-
tropic, these values will not represent an accurate vertical
conductivity.

In a sedimentary formation, anisotropy can occur on
scales ranging from the smallest grain to an entire basin.
From the thermal perspective, it is possible to reduce the
problem to two scales of anisotropy: (1) anisotropy at
scales larger than the available sample size and (2) anisot-
ropy at scales smaller than the sample size. An example of
the larger scale would be alternating sandstone and shale
beds tens of centimeters to a few meters thick. Each bed
may have an isotropic thermal conductivity, but the con-
ductivity contrasts across the beds lead to formation-scale
anisotropy. If the beds are horizontal, the appropriate aver-
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age vertical thermal conductivity is obtained from a series
model

1ok
x‘avg = szl ’ (4)

where the A; are the conductivities of each bed of thick-
ness ; and L is the total formation thickness. If a repre-
sentative number of samples are obtained from this
formation, a harmonic mean of the measured conductivi-
ties will yield an appropriate average for the vertical for-
mation conductivity.

Examples of the smaller scale are finely laminated
rocks or layered rocks with preferential mineral orienta-
tions. In both of these cases, divided-bar conductivity
measurements on centimeter-sized samples would yield
different results for the horizontal and vertical orientations,
and chip measurements on crushed samples would yield
an average of the two. Given the finely laminated bedding
of much of the Monterey Formation and the poorly lami-
nated bedding of the Sisquoc Formation, chip measure-
ments on these units could include substantial anisotropy.
In order to examine this possibility, divided-bar and chip
measurements were made on identical samples from the
Monterey and Sisquoc Formations. The divided-bar mea-
surements yielded the vertical conductivities, and the hori-
zontal conductivities were calculated assuming a harmonic
mean relationship of the form

23 .1/
L3

A= A, (5)

m h

where A, and A, are the horizontal and vertical compo-
nents of thermal conductivity. The resulting ratios of hori-
zontal to vertical conductivity are Ay/A, = 1.26 % 0.23 for
the Monterey Formation and Ai/A, = 1.06 + 0.22 for the
Sisquoc Formation.

These results indicate that the Monterey Formation is
anisotropic and that the Sisquoc Formation is essentially
isotropic, although the uncertainties are large relative to the
average values. In the heat-flow results discussed below,
heat flow determined in the Monterey Formation is based
on oriented bulk conductivity measurements in order to
avoid the uncertainties associated with corrections for
anisotropy. For the Sisquoc Formation, heat flow is deter-
mined primarily from matrix conductivity measurements
assuming isotropy, as it is for the other formations.

HEAT FLOW

Heat-flow values were determined for 27 Santa Maria
basin wells by identifying intervals with uniform geother-
mal gradients within a single formation, applying an
appropriate topography correction, determining the appro-

priate average thermal conductivity for a given unit, cal-
culating an interval heat flow using equation (1), and
combining the interval values for a single well average.
The resulting calculations and their estimated uncertainties
are summarized in table 4. For those bulk conductivities
determined from applying equation (3) to matrix conduc-
tivities and average formation porosities, the associated
matrix conductivity and porosity values are included in
the table. Bulk conductivities measured on core samples
are presented in table 4 with “N.A.” entries in the matrix
conductivity and porosity columns. The uncertainties in
calculated bulk conductivities are probable errors deter-
mined from the application of standard error analysis
techniques to equation (3).

Heat-flow determinations in the Gaviota Formation,
Rincon Mudstone, Foxen Mudstone, Careaga Sandstone,
and Paso Robles Formation required the calculation of bulk
conductivities from matrix conductivities and estimated
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Figure 14. A, Matrix thermal conductivities from Paso Robles
Formation and Careaga Sandstone plotted versus depth. B,
Histogram of these matrix conductivities.
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Table 4. Santa Maria Province heat flow

[See figures 1 and 2 for well locations. Pct, percent; ¢, porosity; Ap, bulk conductivity; Q, heat flow; N.A., not
applicable. Unit abbreviations are: Car., Careaga Sandstone; L. Foxen, Foxen Mudstone (lower part); U. Foxen, Foxen
Mudstone (upper part); Mont., Monterey Formation; PR., Paso Robles Formation; Sisq., Sisquoc Formation]

Well Interval (m) Gradient (°C/km) Units Am(W/mK) ¢ (Pct) A Q(mW/m?)
LYP6 275-365 42.2+0.09 Careaga Ss. 2.93+0.45 30£10 1.83+0.35 77.2£14.8
550~760 58.4+0.02 L. Foxen 2.46+0.43 30+10 1.62+0.30 94.6£17.5
85.9+16.2

well avg.

LYQ5  60-335 42.440.12 P.R./Car. 2.93+0.45 30+10 1.83:0.35 77.6+14.8
365-760 60.4+0.08 L. Foxen 2.46+0.43 3010 1.62+0.30 97.8+18.2
87.7+16.6

well avg.

SG44  305-550 32.44+0.03 Car./U. Foxen  3.10+0.13 275  2.03+0.20 65.9+ 6.6!
670-1130 57.81+0.04 L. Foxen 2.46+0.43 275 1.69+0.25 97.7£14.5
1220-1400 46.15+0.06 Sisquoc Fm. 2.20£0.29 2045 1.70+0.21 78.5+9.6
1220-1400 46.15+0.06 Sisquoc Fm. N.A. N.A.  1.78:0.21 82.1+ 9.7
89.0+12.3

well avg.

VN15 120-180 13.17+£0.05 Paso Robles Fm. 2.93+0.45 275 1.92+0.26 25.3+ 3.4!
210-335 26.45+0.05 P.R./Car. 2.93+0.45 2745 1.92+0.26 50.8+ 6.9
430-475 38.30+0.05 U. Foxen 3.10£0.13 2615  2.03+0.20 778+ 7.6
520-700 49.66+0.03 L. Foxen 2.46+0.43 27+5 1.69+0.25 83.9+10.3
80.9+10.3

well avg.

BT08 150-305 24.11£0.04 P.R./Car. 2.93+0.45 27+5 1.92+0.26 46.3+ 6.3!
395-515 43.74+0.05 U. Foxen 3.10+0.13 26+5 2.03+0.20 88.8+ 8.7
520-640 47.82+0.05 L. Foxen 2.46+0.43 2745 1.69+0.25 80.8+12.0
84.8+10.5

well avg.

CL01  365-425 31.35£0.07 U. Foxen 3.10£0.13 265  2.03+0.20 63.6+ 6.4!
460-730 46.50+0.02 L. Foxen 2.46+0.43 2745 1.69+0.25 78.6£11.6
760-850 57.24+0.14 Sisquoc Fm. 2.20+0.29 2315 1.64+0.20 93.9+11.4
760-850 57.24+£0.14 Sisquoc Fm. N.A. N.A. 1.78:+0.21 101.9£12.0
88.3+11.7

well avg.

WYL2 260-350 20.55+0.03 Paso Robles Fm. 2.93+0.45 27+5 1.92+0.26 39.5+ 5.3
500-595 40.06+0.02 U. Foxen 3.10+0.13 26+5  2.03+0.20 81.3+ 8.1
640-885 49.30+0.03 L.Foxen 2.46+0.43 27+5 1.69+0.25 83.3+£12.3

82.3+10.4

well avg.

BD06  275-395 21.03+0.03 Paso Robles Fm. 2.93+0.45 2745 1.92+0.26 404t 54!
425-520 32.92+0.07 Careaga Ss. 2.93+0.45 2745 1.92+0.26 63.2+ 8.6!
530-640 43.09+0.02 U. Foxen 3.10+0.13 265  2.03+0.20 87.5+ 8.6
645-1155 54.72+0.03 L. Foxen 2.46+0.43 2745 1.69+0.25 92.5+13.7
1160-1220 50.08+0.08 Sisquoc Fm. 2.20£0.29 23+5  1.6410.20 82.1£10.0
1160-1220 50.08+0.08 Sisquoc Fm. N.A. N.A.  1.78:0.21 89.1+10.6
88.5+11.1

well avg.

BD10  245-400 21.70£0.04 Paso Robles Fm. 2.93+0.45 275 1.9240.26 41.7+ 5.6!
425-520 33.35+0.07 P.R./Car. 2.93+0.45 2745 1.92+0.26 64.0+ 8.7
550-700 45.61+0.03 U. Foxen 3.10+0.13 26+5 2.03+0.20 92.5+ 9.3
730-915 56.47+ 0.06 L. Foxen 2.46+0.43 275 1.69+0.25 95.4+13.9
94.0+£10.4

well avg.

porosities using equation (3). In the Santa Maria Valley
field, because of the availability of bulk conductivities from
nearby wells, heat flow values in the Sisquoc Formation
were determined from both calculated and measured bulk
conductivities. Outside the Santa Maria Valley field, heat-
flow values in the Sisquoc were calculated solely from
average formation matrix conductivities and locally esti-

mated porosities. All interval heat-flow values in the
Monterey Formation were determined from local bulk con-
ductivity measurements.

The estimated porosities in table 4 were obtained
from a number of sources. Beyer (1987) and Beyer and
others (1985) published precision, downhole-gravimeter
porosity logs for the Santa Maria Valley and Orcutt fields

F14  Evolution of Sedimentary Basins/Onshore Oil and Gas Investigations—Santa Maria Province



Table 4. Santa Maria Province heat flow—Continued

Well Interval (m) Gradient (°C/km) Units An(W/mK) ¢ (Pct) b Q(mW/m?)
BL83  335-520 49.69+0.07 L. Foxen 2.46+0.43 45+10 1.31+0.22 65.2+£10.8
550-700 45.66+0.12 Sisquoc Fm.  2.20+0.29 35+10 1.40+0.22 64.1+ 9.9
64.7+10.4
well avg.
B133  305-490 56.60+0.12 L. Foxen 2.46+0.43 45+10 1.31£0.22 74.3+12.3
520-790 51.56+0.07 Sisquoc Fm.  2.20+0.29 35+£10  1.40+0.22 72.4+11.1
73.4+11.7
well avg.
B165  335-580 62.17+0.07 L. Foxen 2.46+0.43 45+10 1.31:+0.22 81.6+13.5
BK29 460-610 59.98+0.08 L. Foxen 2.46+0.43 4510  1.31+0.22 78.8+13.0
615-780 53.63+0.05 Sisquoc Fm.  2.20+£0.29 3510 1.40£0.22 75.3+11.6
77.1£12.3
well avg.
TUN8 365-565 47.15+0.07 L. Foxen 2.46+0.43 25+¢10 1.74+0.33 81.8+15.9
LA68  230-380 57.43+0.02 L. Foxen 2.46+0.43 45+10 1.31x0.22 75.4+12.6
400-670 52.53+0.16 Sisquoc Fm.  2.20+0.29 35+¢10 1.40+0.22 73.8+11.1
74.6+11.9
well avg.
PL12  45-140 83.36+0.18 L. Foxen 2.46+0.43 60+10 1.07+0.17 89.2+14.2
150-275 55.87+0.17 Sisquoc Fm.  2.12£0.12 39+5  1.30£0.13 72.6+ 7.3
80.9+11.3%
well avg.
PU34 135-180 39.22+0.21 P.R./Car. 2.93+0.45 2710  1.92+0.37 75.2+14.6
215-305 82.04+0.06 Sisquoc Fm.  2.20+0.29 53+10 1.12+0.16 91.5+13.5
335-520 68.70+0.07 Sisquoc Fm.  2.20+0.29 42+10 1.28+0.19 88.2£12.9
580-685 61.97+0.07 Sisquoc Fm.  2.20+0.29 36+£10 1.39+0.21 85.9+13.5
85.2+13.6
well avg.
PU39 365-580 67.19+0.04 Sisquoc Fm.  2.20+0.29 42+10 1.28+0.19 86.3+12.5
585-790 60.70+0.04 Sisquoc Fm.  2.20+0.29 36+10 1.39:+0.21 84.1+13.0
85.2+12.8
well avg.
LUTN 380-425 30.05+0.06 Car./U. Foxen 3.10+£0.13 25+156  2.07+0.51 62.1+15.42
PC10  340-425 70.37£0.11 Rincon Mdst. 2.00+£0.07 35+10 1.31+0.16 92.2+11.3
455-580 37.70+£0.05 Gaviota Fm.  3.41+0.48 205  2.41£0.34 90.9+12.8
91.6:+12.1°
well avg.
PC13  350-440 61.09+0.11 Rincon Mdst. 2.00£0.07 35+£10 1.31:0.16 80.0+ 9.8
455-580 34.55+0.05 Gaviota Fm.  3.41+0.48 20+5  2.41+0.34 83.3£11.7
81.7+10.8%
well avg.
PC15 380-440 62.63+0.06 Rincon Mdst. 2.00+0.07 35+10 1.31+0.16 82.0+ 9.4
455-610 34.43+0.03 Gaviota Fm.  3.41+0.48 205  2.41£0.34 83.0£10.0
81.8+9.73
well avg.
PA1  1585-1800 40.13+0.08 Sisq./Mont. N.A. N.A. 223038 89.5+15.2
PA2  1525-1830 47.59+0.05 Sisq./Mont. N.A. N.A. 223:+0.38 106.1+18.1
PA3  1675-1770 41.69+2.42 Sisq./Mont. N.A. N.A. 2.23:0.38 93.0+£16.7
PA4  1830-2195 41.82:0.11  Sisq./Mont, NA. N.A. 223:0.38 93.3£15.9
PA5  1830-2130 47.13+0.12 Sisq./Mont. N.A. N.A. 223£0.38 105.1+17.9

IThese interval values are depressed owing to groundwater flow and are not used in the well averages.

2The value from this well may be lowered by groundwater flow. See text.

3Erosion corrections (see text) reduce these values to PL12, 76.3 milliwatts per square meter (mW/m?);
PC10, 83.3 mW/m?; PC13, 74.3 mW/m?; PC15, 74.4 mW/m?.

and parts of the Cat Canyon field. These logs provided
most of the values used in table 4. Core data from the
Newlove 51 well in the Orcutt field (Beyer and Isaacs,
1990) also proved useful, as were unpublished porosity
measurements from the Point Conception State 10-6 well
and porosities measured on bulk thermal conductivity
samples. For wells in the Lompoc and Zaca fields, poros-
ity values were estimated from wells in the nearby fields
that could be tied to the study wells on the basis of struc-
tural, sedimentary, and well log data. The unknown effects
of lateral variability on these ties are represented in the

larger uncertainties assigned to the interval porosities.
These uncertainties are consistent with the recorded range
of porosities in the Santa Maria province.

The results in table 4 reveal a pattern of uniformly
high heat flow (73 to 106 mW/mz) over the entire Santa
Maria province. Exceptions to this are found in the shal-
low intervals of the Santa Maria Valley field and in the
Luton 113 well of the Zaca field. The evidence described
below suggests that these low values are due to ground-
water flow within the shallow sediments of the onshore
Santa Maria basin.

The Thermal Regime of Santa Maria Province, California ~ F15



LOCAL DISTURBANCES TO THE THERMAL
REGIME

Shallow Ground-Water Disturbances

The depressed thermal gradients found in the Santa
Maria Valley field could be the result of a variety of proc-
esses, such as large changes in ground surface tempera-
ture, rapid sedimentation, or the downward flow of ground
water. A number of geologic and thermal constraints sug-
gest that only shallow ground-water flow can account for
the observed disturbance.

First, the disturbance is confined to the younger, per-
meable Pliocene and Pleistocene sediments. It does not
appear in wells with thin or absent Paso Robles Formation
and Careaga Sandstone sections (for example, LA68, fig.
2). Second, the disturbance is greatest in the eastern end of
the Santa Maria Valley and diminishes toward the coast,
even though the Paso Robles and Careaga section is of
fairly uniform thickness throughout the Santa Maria Valley
and Guadalupe Oil Fields. These two observations, taken
together, suggest that the presence of young sediments is a
necessary, but not sufficient, condition for existence of a
shallow thermal disturbance.

Third, if the disturbance reflects a transient conductive
response to a change in surface temperature, the large
decrease in the geothermal gradient and apparent conductive
heat flow over the upper 600 m (for example, BDOG6, fig. 9)
requires a surface temperature increase on the order of 10 to
15°C within the past 100,000 years. A change in surface
temperature of this magnitude over a small area would be
unprecedented in the record of natural, onshore climate
change and its effect on subsurface temperatures (for exam-
ple, Lachenbruch and others, 1988). Sea level fluctuations
relative to the present ground surface have been common
throughout the history of the Santa Maria basin, and the
change from a surface covered with 5 to 8°C sea water to a
subaerial surface at 15 to 20°C could produce the observed
disturbance. A number of facts are in direct contradiction to
this possibility. Pleistocene and Holocene terrace deposits
and alluvium in the Santa Maria Valley are nonmarine in
origin, suggesting that subaerial exposure has dominated in
the recent geologic past (Worts, 1951). In addition, the ther-
mal disturbance diminishes toward the coast; this trend is the
opposite of the trend expected for sea level changes. Sea
level high stands would have the greatest effect near the
shoreline, yet the wells at Guadalupe are essentially equili-
brated with a surface temperature of 12°C. Also, present-day
bottom water temperatures measured at a water depth of 200
m at the offshore Point Arguello field are approximately
10°C (fig. 8), and the temperature in a shallow sea extending
over the Santa Maria Valley would presumably be warmer.
These warmer temperatures are inconsistent with the 5 to
8°C equilibrium surface temperature required for the Santa
Maria Valley thermal disturbance.

Fourth, the magnitude and lateral extent of the distur-
bance are inconsistent with the probable effects of rapid
sedimentation. De Rito and others (1989) found similar
shallow temperature disturbances in the top 750 m of wells
in the Fillmore district of the central Ventura basin and
determined that sedimentation rates on the order of 250
meters per thousand years would be needed to generate the
observed anomaly. Similarly high rates of sedimentation
are also required for the wells in the Santa Maria Valley
field, yet the known Pliocene and Pleistocene stratigraphy
directly contradicts this possibility (figs. 2 and 9), just as
De Rito and others (1989) found for the Fillmore wells.

Fifth, Worts (1951), Upson and Thomasson (1951),
and Miller and Evenson (1966) document extensive
ground-water flow systems in the Santa Maria and Santa
Ynez River valleys. Ground-water flow in these systems
follows a recharge path from the upland regions down
through permeable Pliocene to Holocene sediments to
underflow into the ocean. Water level contours determined
by Worts (1951) are shown in Figure 15 and delineate the
pattern of ground-water flow in the Santa Maria Valley.
The changing pattern of well bore temperatures along the
path of ground-water flow (fig. 16) illustrates the steady
decay of the disturbance toward the coast line. Conse-
quently, the thermal disturbances in the Santa Maria Val-
ley may reflect downward flow of cold ground water into
the Paso Robles Formation and Careaga Sandstone fol-
lowed by predominantly lateral flow and gradual warming
of the ground water as it moves westward.

This hypothesis can be tested by considering (1)
whether the ground-water system described by Worts
(1951) and other adthors is capable of significant lateral
heat transport and (2) whether the observed temperature
changes across the Santa Maria Valley are consistent with
the predominantly lateral flow of ground water heated
from below.

For the Santa Maria Valley drainage basin, Worts
(1951) determined that the average hydraulic conductivities
of the Paso Robles and Careaga units were approximately
0.003 cm/s (equivalent to a permeability of 3x10712 m? for
water at 25°C with a density of 1.0 g/cm? and a viscosity of
1 centipoise); these hydraulic conductivities are about an
order of magnitude lower than the hydraulic conductivities
of the overlying Orcutt Sand, terrace deposits, and alluvium.
Worts (1951) found the underlying Foxen and older rocks
to be much less permeable than the shallow sediments, and
hydraulic conductivities published by MacKinnon (1989)
and others for these units are less than 1076 cm/s. Although
the hydraulic gradient within the Santa Maria Valley varies
significantly east-to-west (fig. 15), the average is approxi-
mately 3 m/km. These values can be applied in the one-
dimensional version of Darcy’s Law for fluid flow in porous
media as

dH

v=-K"¢'i;9 (6)
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tied to positive surface heat-flow anomalies, and these
anomalies have been attributed to the upward flow of fluid
in the subsurface (for example, Hitchon, 1984). Because
the heat-flow measurements in the Santa Maria province
were made exclusively in producing oil fields, it is possi-
ble that the thermal effects of petroleum migration within
the reservoir rocks could be masking a lower value of
background heat flow.

Lillis and King (1991), on the basis of structural,
chemical, and physical properties data, have divided the
reservoirs of the onshore Santa Maria basin into two age
groups—those older than 2 to 4 Ma (Guadalupe, Santa
Maria Valley, and parts of Cat Canyon) and those younger
than 2 to 4 Ma (Orcutt Hill and Lompoc). Although the
relative structural ages of these traps correspond with the
relative age of the entrapped oil (Lillis and King, 1991),
the heat-flow data do not vary consistently between the
two age groups (table 4 and fig. 18). An examination of
the constraints on fluid flow within the Monterey Forma-
tion provides a ready explanation for this. Fractured reser-
voirs in the Monterey Formation are highly permeable
(Regan and Hughes, 1949), but they are isolated from the
regional ground-water system by the low permeability Sis-
quoc Formation and Foxen Mudstone. This leaves the
Monterey as both the primary source and reservoir rock
and limits most of the potential petroleum migration to
less than 2 km vertically and 10 km laterally (fig. 3).
Rapid sedimentation within the synclines will tend to
lower the local geothermal gradient (see above), and
petroleum moving updip will not introduce a large thermal
anomaly unless the flow rates are large. For a 20 percent
increase in the observed heat flow, the vertical component
of fluid flow within the Monterey must be about 1 cm/yr
(Bredehoeft and Papadopulos, 1965), a result which, given
the low angle path the fluid must travel within the forma-
tion (fig. 3), requires a lateral flow rate of 5 to 10 cm/yr.
This flow rate is large enough to sweep out the entire pore
space of the Monterey (assuming 20 percent porosity)
within 100,000 to 200,000 years, a time span inconsistent
with the postulated age of reservoirs in the onshore Santa
Maria basin.

In addition, as England and others (1991) pointed out,
petroleum migration by buoyancy effects alone will be
limited by the rate of petroleum generation, which is gen-
erally orders of magnitude smaller than the flow rates pos-
sible given an unlimited fluid supply, typical buoyant
driving forces, and significant permeability. Compaction of
the sediment column will also drive fluid up toward the
surface as porosity decreases, but as mentioned above, the
warming effects of sediment dewatering will be equaled or
exceeded by the cooling effects of sedimentation. Given
possible spatial and temporal focusing of both dewatering
and petroleum migration, however, the only definite con-
clusion is that the available evidence is not consistent with
a tie between deep fluid flow and measured heat flow.

Extension and Basin Formation

The formation of a sedimentary basin often involves
the extensional thinning of some portion of the litho-
sphere. This thinning not only accounts for much of the
subsequent basin subsidence but also leads to an increase
in surface heat flow as hot material from depth is brought
closer to the surface. In this case, the relevant question is
whether the transient thermal effects of extension are aug-
menting the initial background heat flow and leading to a
superficial thermal consistency between the Santa Maria
province and the Coast Ranges.

For a small basin like the onshore Santa Maria, two-
dimensional numerical modeling is required to account for
the precise quantitative effects of heterogeneous crustal
structure, spatially variable extension, sedimentation, finite
extension rates, and lateral heat losses (for example, Saw-
yer and others, 1987). These complications, however, tend
to lower the predicted value of heat flow over time, so a
maximum estimate of the thermal effects of extension can
be derived from the use of the simpler one-dimensional
analytical model of McKenzie (1978). In the McKenzie
(1978) model, the relevant parameters are the age of
extension, the initial lithospheric thickness (@) and the
stretching factor (8). Extension and subsidence of the
Santa Maria basin began approximately 18 Ma (McCrory
and others, 1991; Stanley and others, 1991), and the avail-
able data (in particular the small size and limited thickness
of the basin) suggest that the amount of stretching was
small (less than 50 percent; Pitman and Andrews, 1985).
This leaves the initial lithospheric thickness as the primary
uncertainty.

Thermal models have identified triple junction migra-
tion and exposure of the North American plate to astheno-
spheric upwelling as the main causes of the Coast Ranges
heat-flow high (Lachenbruch and Sass, 1980; Zandt and
Furlong, 1982). These models predict lithospheric thick-
nesses on the order of 20 to 30 km in the wake of Mendo-
cino triple junction passage, but they may not apply to the
southern Coast Ranges and the Santa Maria province.
Lonsdale (1991) and Fernandez and Hey (1992) have
identified the stalled remains of a subducting microplate
(Monterey) off the central California continental shelf, and
recent seismic surveys have delineated what may be sub-
ducted oceanic crust under much of the Santa Maria prov-
ince (for example, Trehu, 1991). If this portion of the crust
is oceanic and not the product of magmatic underplating,
the total lithospheric thickness at the time of basin forma-
tion would have been on the order of 50 to 60 km (Howie,
in press).

The stretching factors appropriate to both these litho-
spheric thicknesses and the available data lie in the range
of B=1.1 to 1.5. The application of these values in McKen-
zie's (1978) model of extension and subsequent cooling is
shown in figure 19 for heat flow normalized to its value

The Thermal Regime of Santa Maria Province, California  F21



before the onset of extension. Given the 18-m.y. age of the
onshore Santa Maria basin, the maximum present-day nor-
malized heat flow is approximately 1.15. With an observed
average heat flow of 84 mW/mz, this leaves an initial
background value of 73 mW/m2. Given the complexities
discussed above, the actual initial heat flow is likely to be
much higher, a conclusion which suggests that the high
heat flow of the Santa Maria province reflects crust and
mantle processes unrelated to the thermal effects of basin
formation.

Extrusive magmatism around the margins of the
onshore Santa Maria basin at the time of basin formation
(preserved at the Tranquillon and Obispo volcanics; Hall,
1981) is unlikely to affect present-day heat flow. The vol-
canics are confined almost exclusively to the margins of
the basin (McLean, 1991), and the thermal anomaly asso-
ciated with elevated temperatures in the upper 10 km of
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Figure 19. A, Normalized heat flow for Santa Maria Prov-
ince over time for one-dimensional extension using the
model of McKenzie (1978) for an initial lithospheric thick-
ness of 50 km and various values for stretching factor, B. B,
Normalized heat flow over time for an initial lithospheric
thickness of 60 km.

the crust would have dissipated within a few million years
(for example, Lachenbruch and Sass, 1980). If extensive
magmatic underplating at depths of 20 km or greater was
the source of the marginal extrusives, then magmatic
sources could account for a portion of the observed high
heat flow. However, the limited amount of extension asso-
ciated with formation of the Santa Maria basin is inconsis-
tent with extensive magmatic underplating (Howie, in
press), a fact which suggests that a large portion of the
high heat flow of the Santa Maria province reflects crust
and mantle processes unrelated to the thermal effects of
basin formation.

Consequently, the similarity of Santa Maria province
heat-flow values to Coast Ranges heat-flow values probably
does reflect a common thermal source. Given the complex-
ity of the Miocene transition from a convergent margin to a
transform margin, the poorly understood geometry of the
stalled microplates, the subsequent variations through
extensional, strike-slip and compressional tectonics, and the
uncertain role of the plate boundary mechanical deforma-
tion in generating heat, the comprehensive modeling of the
Santa Maria province and southern Coast Ranges heat flow
is the appropriate subject of another paper. The basic result
of importance here is that the thermal regime of the Santa
Maria province is properly considered in a regional rather
than local context. The thermal processes peculiar to the
basins within the Santa Maria province are either easily
corrected for or are minor compared to the thermal effects
of regional tectonics. These effects must be understood and
accounted for in any comprehensive understanding of the
origin and migration of hydrocarbons within the Santa
Maria province.

CONCLUSIONS

The results of heat-flow studies in the Santa Maria
province not only demonstrate the viability of utilizing
idle oil wells for investigating the thermal regime of
sedimentary basins but also provide quantitative con-
straints on the thermal effects of sedimentary and tec-
tonic processes.

Temperature measurements in the permeable Careaga
Sandstone, Paso Robles Formation, and Orcutt Sand reveal
the presence of an active ground-water flow system within
the Santa Maria Valley (and possibly other nearby valleys).
The ground-water flow depresses thermal gradients in the
eastern part of the valley to nearly isothermal values,
through the circulation of cold meteoric water to depths of
400+ meters. This meteoric water then flows out across the
basin and, with its passage, carries a great part of the back-
ground conductive heat flow into the ocean. Linear temper-
ature profiles with high geothermal gradients are found
below the ground-water system within the consolidated
Monterey Formation, Sisquoc Formation, and Foxen Mud-
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stone, and thermal conductivity measurements on cores and
cuttings confirm that these high gradients are the result of
high conductive heat flow. The thermal effects of topogra-
phy, erosion, sedimentation, and the shallow ground-water
system have been examined, and although there are mea-
surable disturbances to the thermal field, the high heat flow
(73 to 106 mW/m?) is apparently the product of regional
thermal sources located at depth within the crust and man-
tle. This observation brings the Santa Maria province and
western Ventura basin into the Coast Ranges heat-flow high
and extends the southern limits of the Coast Ranges high
down to the western Transverse Ranges and the Santa Bar-
bara Channel.

The source of the Coast Ranges high has generally
been identified and modeled as asthenospheric upwelling
behind the Mendocino Triple Junction during its north-
ward migration (for example, Lachenbruch and Sass,
1980; Zandt and Furlong, 1982). These models predict a
decrease in surface heat flow in the southern Coast Ranges
owing to the passage of approximately 20 m.y. since the
cessation of subduction, yet the Santa Maria measure-
ments produce values as great as those commonly found
in the northern Coast Ranges. In addition, plate tectonic
reconstructions (Lonsdale, 1991; Fernandez and Hey,
1991) and crustal structure studies (Trehu, 1991) in the
Santa Maria province suggest that the subducting Farallon
plate stalled beneath the Santa Maria province, leaving a
substantial thickness of oceanic lithosphere between the
asthenosphere and the shallow crust. These observations,
together with the inconsistency of the observed heat flow
with the triple junction models, suggest that the nature and
causes of the Coast Ranges high are complex and varied.
Even though the uniformity of the high heat flow suggests
a common source, it may be that a number of processes
associated with evolution of the transform margin (for
example, asthenospheric upwelling, magmatic underplat-
ing, extension, and mechanical heating of the crust during
deformation) have contributed to the fairly homogenous
heat-flow pattern observed today.
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Phosphorus Geochemistry, Diagenesis, and
Mass Balances of the Miocene Monterey Formation

at Shell Beach, California

By Gabriel M. Filippelli' and Margaret L. Delaney?

Abstract

Continental margins can be important areas of oceanic
phosphorus (P) accumulation, especially given diagenetic
reactions that transform organic P in sediments to authigenic
P by phosphogenesis in continental margin deposits with high
organic productivity like the Miocene Monterey Formation of
California. To determine P concentrations and P stratigraphy,
we tested a five-step sequential-extraction technique, which
differentiates five sedimentary P-bearing components, for
application to a well-dated Miocene phosphatic sequence at
Shell Beach, California. The lower facies at the Shell Beach
section (upper part of the phosphatic facies) is interbedded
calcareous and laminated phosphatic shale, and the upper
facies (lower part of the siliceous facies) is interbedded sili-
ceous and laminated phosphatic shale with rare calcareous
strata. We sampled from the entire exposure of the phosphatic
facies (75 m) and the lower third (62 m) of the siliceous facies,
as exposed in the Shell Beach section. Sequential-extraction
results revealed that greater than 95 percent of P in these strata
occurs as reactive P (P,; as authigenic and biogenic sedimen-
tary components) and unreactive P (P,; as detritally associ-
ated sedimentary components). Less than 5 percent of P
occurs as a combination of loosely bound, iron-bound, and
organic P. Organic matter predominates as the main carrier of
P to modern continental margin sediments; therefore, our
extraction results indicate that extensive reorganization of P
between sedimentary components has occurred at Shell
Beach, presumably as a result of phosphogenesis.

On the basis of optimization experiments with these sed-
imentary rock samples, we used a two-step modification of
Ruttenberg’s (1990, 1992) procedure to determine P, and P,
Shales at Shell Beach generally have higher P concentrations
than other lithologies (for example, dolomitic and siliceous
strata). P, concentrations range from 0.01 to 0.27 weight per-
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cent (wt pct) P in dolomitic and siliceous strata and from 0.34
to 2.10 wt pct P in phosphatic shales. P, concentrations range
from 0.00 to 0.08 wt pct P in dolomitic and siliceous strata
and from 0.02 to 2.50 wt pct P in phosphatic shales. Total P
(P) concentrations (P+P,) range from 0.02 to 0.42 wt pct P
in dolomitic and siliceous strata and from 0.36 to 3.90 wt pct
P in phosphatic shales. Mean P, concentrations in shales of the
siliceous facies (1.4140.35 wt pct P) are slightly higher than
those of the phosphatic facies (0.98+0.21 wt pct P), mean P,
concentrations in shales of the siliceous facies (1.2140.52 wt
pct P) are higher than those of the phosphatic facies (0.48+0.40
wt pct P), and mean Py concentrations in shales of the siliceous
facies (2.62140.73 wt pct P) are higher than those of the phos-
phatic facies (1.4640.41 wt pct P).

We calculated the weighted mean P concentrations, tak-
ing into account the mean P concentration in each lithologic
type and the thickness of the section occupied by that lithol-
ogy. The phosphatic facies has a higher mean Py concentra-
tion (1.0940.31 wt pct P) than the siliceous facies (0.66+0.22
wt pct P). Although shales of the siliceous facies have a higher
mean P concentration than those of the phosphatic facies, the
dominance of shales in the phosphatic facies results in it hav-
ing higher mean P concentrations than the siliceous facies.

Determining the dominant P-bearing components that
reflect a variety of depositional and postdepositional processes
has important implications for understanding P diagenesis and
burial in a continental margin setting with high organic pro-
ductivity. The high Py concentrations observed for phosphatic
shale strata from Shell Beach, which are minimum estimates,
indicate that most of the P is probably retained and argue for
redistribution of P from organically bound P to other forms
after burial. High authigenic/biogenic P concentrations indi-
cates that phosphogenesis plays an important role in the con-
version of organic P to CFA (the authigenic mineral carbonate
fluorapatite), and the correlation between P, and Py, in phos-
phatic shales from Shel! Beach indicates that there may be
additional post-phosphogenesis transformations of P, which
need to be investigated.

INTRODUCTION

Quantifying the reservoirs and fluxes in the marine
phosphorus (P) cycle is important because P, in the form of
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dissolved phosphate, is an essential limiting nutrient for
primary organic productivity. The marine phosphorus (P)
cycle has been the subject of a number of studies (for
example, Froelich and others, 1982; Froelich, 1984, 1988;
Mach and others, 1987; Baturin, 1988; Ruttenberg, 1990).
The main input of phosphate into the ocean is from rivers,
and the sole output is burial in continental-margin and
deep-sea sediments in various forms (Froelich, 1984, 1988;
Ruttenberg, 1990; Ruttenberg and Berner, 1993). Phospho-
rus enters the ocean system in two forms—dissolved (or
reactive) and detrital (or unreactive). Dissolved phosphate
is mostly taken up by microorganisms during surface pro-
ductivity and is transported to sediments in the form of
organic matter, with a small fraction of what is produced
being buried. Unreactive phosphorus is associated with
detrital grains. Recent work on the kinetics of P mobility
shows that detrital-P phases are refractory in the marine
environment and do not exchange with the oceanic dis-
solved-P reservoir (Froelich, 1988; Ruttenberg, 1990; Rut-
tenberg and Berner, 1993). Although continental margin
sediments may receive the majority of the total riverine-P
flux (including reactive and unreactive forms) (Baturin,
1988), the rate of removal of reactive/dissolved P from the
oceanic P reservoir is roughly equal in continental margin
and deep sea sediments (Froelich and others, 1982). Reac-
tive-P fluxes to continental margin sediments are especially
high beneath areas of high productivity (for example, Peru
margin, Namibian shelf; Baturin, 1972; Burnett and others,
1982; Froelich and others, 1988). High organic-matter rain
rates and accompanying organic matter regeneration in sed-
iments beneath these areas can lead to elevated pore-water
phosphate concentrations, which in turn can drive phospho-
genesis (authigenic precipitation of solid P-bearing mineral
phases, mainly carbonate fluorapatite (CFA)) in near-sur-
face sediments (Burnett, 1977; Sheldon, 1981; Kolodny,
1983). Phosphogenesis effectively “locks” P into the sedi-
ments, leading to its removal from the oceanic system.
Continental margin sediments are presently important areas
of marine P accumulation, as they were in ancient oceans
as well (Filippelli and Delaney, 1992), and these accumula-
tions provide an opportunity to examine variations in P
diagenesis and burial in detail.

Changes in oceanic circulation, surface biological pro-
ductivity distribution, and biogenic sedimentation during
the Miocene are reflected in changing continental margin
sediment compositions. The accumulation of organic car-
bon-rich, and presumably P-rich, sediments in low-oxygen
basins is thought to have resulted in the positive shift in the
oceanic carbon-isotope record during the middle Miocene
(Vincent and Berger, 1985; Compton, Snyder, and Hodell,
1990). Phosphatic sedimentary rocks of Miocene age are
widely distributed. Notable examples are the phosphatic
sands of the Hawthorn and Pungo River Formations in the
southeastern United States (Riggs, 1984; Riggs and Shel-
don, 1990; Snyder and others, 1990; Compton, Snyder, and
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Hodell, 1990; Compton, Hodell, Garrido, and Mallinson,
1993) and the Monterey Formation of California (Pisciotto
and Garrison, 1981; Garrison, Kastner, and Kolodny, 1987;
Garrison, Kastner, and Reimers, 1990). The Monterey For-
mation was mainly deposited in marginal fault-bounded
basins which developed since the Oligocene as transten-
sional basins along the San Andreas Fault system (Blake
and others, 1978; Howell and others, 1980; Graham, 1987).
The general depositional facies of the Monterey Formation,
characterized by the succession of calcareous, phosphatic,
and siliceous rocks (fig. 1), are wide-spread and have been
recognized and described by many workers (Canfield,
1939; Woodring and others, 1943; Woodring and Bramlette,
1950; Isaacs, 1980, 1984; Pisciotto, 1978, 1981; Pisciotto
and Garrison, 1981). However, characteristic lithologies do
not occur in all locations, facies transitions do not occur
simultaneously in California continental-borderland basins,
and the terminology used and subdivisions assigned differ
between different studies and for different localities. We
chose the informal nomenclature of Pisciotto (1978, 1981),
as it best describes the lithotypes encountered in our study
(lower calcareous facies, middle phosphatic facies, and
upper siliceous facies; only the upper part of the phosphatic
facies and siliceous facies are present in our study area at
Shell Beach). The Monterey Formation is an excellent
record of changing continental margin deposition, record-
ing calcareous deposition during the early middle Miocene

San Luis Obispo
PISMO BASIN [30%%,

SHELL BEACH

LOS ANGELES BASI

0 100 KILOMETERS
—

Figure 1. Reconstruction of onshore and offshore Neogene
paleobasins (stippled area) along south-central California
coast, showing field area for this study at Shell Beach in
Pismo basin and location of Exxon Hondo Well B (after Gar-
rison, Katner, and Kolodny, 1987).



(calcareous facies), a transitional period of calcareous and
abundant phosphatic deposition during the middle Miocene
(phosphatic facies), and mainly siliceous deposition during
the late middle Miocene (siliceous facies). The calcareous
and phosphatic facies have been interpreted as correspond-
ing to warm oceanic conditions with relatively sluggish
oceanic circulation and the siliceous facies to the develop-
ment of polar glaciation, cold-water upwelling, higher
nutrient levels, and higher organic matter productivity
(Ingle, 1981; Pisciotto and Garrison, 1981; Barron and
Keller, 1983; Garrison, Kastner, and Reimers, 1990).

The phosphatic sedimentary rocks in the Shell Beach
section of the Monterey Formation, exposed in seacliffs
about 15 km south of San Luis Obispo on the central Cali-
fornia coast (fig. 1), were deposited in the Pismo basin
during the middle Miocene (Omarzai, 1992). The Shell
Beach section includes part of the phosphatic and siliceous
facies of the Monterey Formation (fig. 2) and consists of
calcareous-rich phosphatic mudrocks, marlstones, and
shales (dark, laminated, and organic rich with thin (0.5-10
mm), white, discontinuous laminae and micronodules of
CFA) interbedded mainly with dolomites in the phosphatic
facies and mainly with siliceous mudstones, porcellanites,
and cherts in the siliceous facies. The 290 m of section at
Shell Beach begins in the phosphatic facies at 15.2 Ma, is
interrupted by a period of nondeposition from 14.3 to 13.25
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Figure 2. Schematic columnar sec-
tion for portion of Monterey For-
mation exposed at Shell Beach,
California (after Omarzai, 1992),
including portion of Shell Beach
section studied here.

Ma marked by phosphatic hardgrounds, and continues with
the siliceous facies from 13.25 Ma to the top of the section
at approximately 11.0 to 11.4 Ma (Omarzai (1992), on the
basis of magnetic age model of Harland and others (1982)).
This study focused on the interval from 15.2 Ma (0 meters
stratigraphic height in the field section) to the 14.3-Ma base
of the phosphatic hardgrounds (75 meters stratigraphic
height), and the interval from the top of the phosphatic
hardgrounds at 13.25 Ma to 12.85 Ma (137 meters strati-
graphic height). Average lithologic abundances by thick-
ness for the section studied here are 73 percent phosphatic
shale and 27 percent dolomitic strata in the phosphatic
facies and 20 percent phosphatic shale and 80 percent sili-
ceous. strata in the siliceous facies (Omarzai, 1992). Mean
sedimentation rates are 88 m/m.y. for the interval of the
phosphatic facies and 154 m/m.y. for the interval of the
siliceous facies studied here (Omarzai, 1992).
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METHODS

Samples were collected at low tide using a rock ham-
mer, and sample positions were correlated to the strati-
graphic column of Omarzai (1992). Sample sizes ranged
from about 2 to 100 cm>. Sampling focused on the phos-
phatic shale in both facies, which was assumed to contain a
majority of the P in this section; a few samples were taken
from dolomitic, siliceous, and tuffaceous strata as well.
Samples were rinsed with deionized water to remove sur-
face salts, dried at 60°C, and ground, first in a mechanical

Phosphorus Geochemistry, Diagenesis, and Mass Balances of the Miocene Monterey Formation at Shell Beach, California  G3



agate mortar and pestle grinder and then by hand in a
ceramic mortar and pestle. The samples were ground to 120
mesh (125 pm) and passed through a clean metal sieve. The
samples were sieved frequently during grinding into a
metal collection dish to ensure that particle size remained
consistent and that the sample was not ground too finely for
the chemical extraction procedure. After grinding, samples
were stored in 22 mL glass scintillation vials.

The chemical sequential-extraction technique used in
this study was based on that developed by Ruttenberg (1990,
1992) for the determination of P concentrations in different
P-bearing phases in modern sediments. This sequential-
extraction technique uses the solubility differences of five
sedimentary P-bearing phases by treating the sample powder
with various complexing, reducing, and acidic solutions to
separate different P fractions (loosely bound or adsorbed,
iron oxides and oxyhydroxides, authigenic and biogenic
minerals, and organic matter, all of which are reactive, and
detrital phases, which are unreactive). This technique, which
distinguishes five forms of sedimentary P with different
geochemical significance, is an improvement over methods
that distinguish only inorganic and organic forms of P (for
example, Aspila, X-ray fluorescence (XRF) fusion), where
inorganic forms include some reactive P and some unreac-
tive P. There have been criticisms of sequential-leaching
extraction techniques (see Nirel and Morel (1991) for dis-
cussion), because the determined components are operation-
ally defined and the results require careful interpretation,
owing to the limitations and assumptions of the particular
technique. Ruttenberg (1990, 1992) carefully optimized her
procedure by using model mineral phases along with evalua-

-tion of optimal reagent concentrations and leaching times.

Her procedure yielded total P values (the sum of the P
components) comparable to total P values determined by
other methods (for example, Aspila, XRF fusion; Rutten-
berg, 1990, 1992).

The Monterey Formation rocks at Shell Beach have
undergone widespread diagenesis due both to the near-sea-
floor authigenic precipitation of CFA and to compaction
and porosity reduction of all strata. Therefore, P distribu-
tions in these rocks may differ substantially from those in
modern sediments, for which the five-step sequential-
extraction technique was developed. To test the efficiency
of the five-step sequential extraction technique for deter-
mining P concentrations in diagenetically altered litholo-
gies (Ruttenberg, 1990, 1992), we compared the sum of the
five P components for 10 samples from Exxon Hondo Well
B (fig. 1) (with lithologies similar to those encountered at
Shell Beach) to P determinations on the same samples
using the standard total P analyses (metaborate/tetraborate
fusion with determination by XRF) presented in Isaacs and
others (1992). The sequential extraction P results agreed
closely with the XRF fusion P results (fig. 3). Sequential
extraction total P results are consistently slightly lower than
total P results determined by XRF fusion, a condition
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which may be the result of an uncorrected blank in the XRF
determinations (possibly indicated by the nonzero intercept
of the regression line) or of a greater efficiency of the
fusion technique in extracting P from more refractory min-
eral phases. Nevertheless, the two different techniques yield
comparable P results, supporting the accuracy of total P
measurements determined by the sequential-extraction
technique.

To evaluate the significance of the different P-bearing
components in samples from Shell Beach, we analyzed
three Shell Beach samples representing a range of litholo-
gies (phosphatic shale, porcellanite, and dolomite) and total
weight percent (wt pct) P. Phosphorus concentrations asso-
ciated with adsorbed P, iron-bound P, and organic P were
low compared to authigenic/biogenic P and detrital P
(fig. 4). Greater than 95 percent of the P in each sample was
present as authigenic/biogenic and detrital P components,
as compared to about 70 to 80 percent in typical deep sea
sediments (Ruttenberg and Berner, 1993). This difference is
due both to extensive phosphogenesis (enriching the sedi-
ment in authigenic/biogenic P forms) and a relatively close
proximity of the Shell Beach sediments during deposition
to detrital sources. Owing to the diagenetic changes in these
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Figure 3. Phosphorus concentration (weight percent (wt pct))
results from metaborate/tetraborate fusion with determination
by X-ray fluorescence (XRF) fusion (data from Isaacs and oth-
ers, 1992) versus values determined by five-step sequential
extraction (total of all steps) for 10 samples from Exxon
Hondo Well B. These results show that these two techniques
yield comparable total phosphorus concentration values,
with a linear regression slope of 1.0740.10, an intercept of
0.0340.04 (both at 95-percent confidence level on calcu-
lated slope and intercept), and an * of 0.982 (correlation
significant at greater than 99-percent confidence level).



rocks, P concentrations of the less abundant P-bearing
phases probably do not reflect original depositional condi-
tions and may only be useful for understanding long-term P
diagenesis. We, therefore, streamlined Ruttenberg’s (1990,
1992) technique to a two-step sequential extraction, which
isolated reactive P components (P, equivalent to the sum of
adsorbed, iron-bound, and authigenic/ biogenic P) and
unreactive P components (P, detrital P). Organic-P forms
(a relatively insignificant portion of total P in all samples)
are not released in this modified extraction scheme.

In the first step of our modified extraction technique,
which isolates reactive P (P,), 0.5 g of ground sample was
placed in a 50-mL polyethylene centrifuge tube. There were
four sequential sample treatments: (1) solid treated with 50
mL of 1.5 molar Na-acetate solution buffered to pH 4 with
acetic acid and shaken on an orbital shaker for 6 hours, (2)
solid treated with 50 mL of 1 molar MgCl, and shaken for
two hours, (3) solid treated again as in treatment (2), and
(4) solid treated with 50 mL of glass-distilled water and
shaken for 2 hours. After each treatment, samples were cen-
trifuged for 10 minutes, and a known volume (10 mL) of
the homogeneous supernatant was transferred with a pipette
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Figure 4. Phosphorus concentration (weight percent (wt pct))
versus sequential-extraction steps for three samples from
Shell Beach—dolomite, porcellanite, and phosphatic shale.
Note scale break in y-axis. Extraction steps on x-axis are |,
adsorbed P; 11, iron-bound P; 1ll, authigenic/biogenic P; 1V,
detritally associated P, and V, organic P. Plot shows that
almost all P (greater than 95 percent) determined for these
samples occurs as authigenic/biogenic P and detritally asso-
ciated P.

to an acid-cleaned polyethylene bottle, combining the
supernatants from all four treatments for sample P determi-
nations. The remainders of the supernatants were discarded.
This step releases adsorbed P, iron-bound P, and authigenic/
biogenic P from the sample. All of these P forms are reac-
tive in the oceanic system, and we call the sum of them P,
in this study. In the second step of the extraction, 50 mL of
1 N HCI was added to the residual sample and the sample
was shaken for 16 hours. The sample was centrifuged and
supernatant collected as above for P determinations. This
step releases detrital P forms, which are unreactive in the
oceanic system and which we call P, from the sample.

Phosphorus concentration determinations in extraction
solutes were performed with the standard molybdate blue
acetic-acid method (Strickland and Parsons, 1972) using a
Shimadzu UV-2101 PC UV-VIS scanning spectrophotome-
ter at 885 nm, with the Sipper 260 autosipper attachment
and the Shimadzu computer interface program for absorp-
tion determinations and concentration calculations. Because
of their high P concentrations, samples were commonly
diluted by a factor of 100 to 1,000 with glass-distilled water
before analysis, and P standards were prepared in glass-
distilled water, as the high dilution factors resulted in no
significant sample-matrix effect.

Relative errors on solid sample splits were from 1 to
20 percent (typically about 6 percent). Relative errors on
solution replicates ranged from 0 to 5 percent (typically
about 2 percent). Dilution of sample solutions (100 to
1000 times with glass-distilled water) before analysis was
adjusted to yield high signal to noise ratios, resulting in a
low detection limit (typically about 0.0005 wt pct P).

RESULTS AND DISCUSSION

Phosphorus concentrations and standard deviations for
the 35 samples analyzed in this study are presented in
table 1 and figure 5. Phosphorus concentrations for the
reactive component (P,) ranged from 0.005 to 2.41 wt pct P
(equivalent to 0.01 to 5.5 wt pct P,QOs) for all samples
(table 1; fig. 5). Shale samples generally had relatively high
reactive P concentrations, ranging from 0.339 to 2.12 wt
pet P. Dolomitic, siliceous, and tuffaceous samples had rel-
atively low P concentrations, ranging from 0.050 to 0.271
wt pct P. The phosphatic hardground, formed during a 1-
m.y. hiatus, had the highest P, observed (2.41 wt pct P); on
the basis of the presence of reworked and extensively bored
phosphatic clasts and nodules, this hardground probably
represents a winnowed, phosphatized sedimentary layer.
Standard deviations (16) for replicate P determinations on
solid samples ranged from $0.00 to £0.21 wt pct P, with an
average error of about +0.04 wt pct P (equivalent to +5
percent relative error).

Phosphorus concentrations for the unreactive compo-
nent (P,) ranged from 0.001 to 2.48 wt pct P (equivalent

Phosphorus Geochemistry, Diagenesis, and Mass Balances of the Miocene Monterey Formation at Shell Beach, Califomia G5



Table 1.  Sample descriptions and phosphorus (P) concentrations from Shell Beach, Cali-
fornia (Miocene Monterey Formation)

[--, value not determined or indeterminable; wt pct, weight percent; s.d., standard deviation]

Height1 .AG]Sz Reactive phosphorus Unreactive phosphorus _Total phosphorus
(m) Description (Ma) wepe® st Wipt  S.d. Wt pot s.a.’
137 Siliceous 12.85 0.018 0.001 0.002 0.000 0.020 0.001
135 Siliceous 12.86 0.047 0.001 0.006 0.000 0.053 0.001
132 Siliceous 12.88 0.050 0.000 0.016 0.001 0.066 0.001
130 Siliceous 12.89 0.020 0.001 0.001 0.000 0.021 0.001
121 Siliceous 12.95 0.151 0.004 0.270 0.033 0.421 0.033
118 Phosphatic shale 12.97 0.564 0.025 0.380 0.031 0.944 0.040
116 Phosphatic shale 12.98 1.75 0.205 1.22 0.142 2.97 0.249
115 Phosphatic shale 12.99 1.63 0.050 0.880 0.031 2.51 0.059
110 Phosphatic shale 13.02 1.03 0.025 0.145 0.003 1.18 0.025
110 Phosphatic shale 13.02 2.12 0.053 1.68 0.105 3.80 0.118
109 Phosphatic shale 13.03 2.05 0.015 1.05 0.003 3.10 0.015
108 Siliceous 13.04 0.227 0.008 0.020 0.000 0.247 0.008
105 Phosphatic shale 13.06 1.15 0.030 2.20 0.029 3.35 0.042
104 Siliceous 13.06 0.271 0.023 0.079 0.009 0.350 0.025
86 Phosphatic shale 13.18 0.997 0.040 0.816 0.007 1.81 0.041
78 Phosphatic shale 13.23 1.42 0.070 2.48 0.033 3.90 0.077
75 Hardground - 2.41 0.061 5.93 0.204 8.34 0.213
74 Phosphatic shale 14.31 1.58 0.032 1.23 0.029 2.81 0.043
57 Phosphatic shale 14.50 1.39 0.051 0.712 0.028 2.10 0.058
53 Dolomite 14.55 0.063 0.002 0.013 0.001 0.076 0.002
52 Phosphatic shale 14.56 0.472 0.027 0.058 0.003 0.530 0.027
40 Dolomite 14.70 0.055 0.005 0.015 0.003 0.070 0.006
36 Phosphatic shale 14.74 1.36 0.057 0.323 0.007 1.68 0.057
25 Phosphatic shale 14.87 1.21 0.094 0.980 0.130 2.20 0.160
24 Phosphatic shale 14.88 1.16 0.017 0.889 0.011 2.05 0.023
21 Phosphatic shale 14.91 1.19 0.063 0.566 0.027 1.76 0.069
20 Phosphatic shale 14.92 0.862 0.015 0.614 0.017 1.48 0.023
10 Phosphatic shale 15.04 1.07 0.087 0.427 0.032 1.50 0.093
9 Phosphatic shale 15.05 0.758 0.078 0.330 0.020 1.09 0.081
7 Dolomite 15.07 0.049 0.008 0.013 0.002 0.062 0.008
5 Phosphatic shale 15.09 0.864 0.121 0.046 0.021 0.910 0.123
4 Dolomite 15.10 0.112 0.002 0.019 0.000 0.131 0.002
3 Phosphatic shale 15.12 0.497 0.013 0.037 0.009 0.534 0.016
2 Phosphatic shale 15.13 0.339 0.012 0.015 0.000 0.354 0.012
1 Tuff 15.14 0.005 0.000 0.020 0.003 0.025 0.003

! Stratigraphic height in meters from base of section shown in figure 2.

? Determined from our measured stratigraphic height in section shown in figure 2 and the age model of Omarzai (1992),
assuming linear sedimentation rates between age control points. Ages are reported to the ten-thousand-year level for age
comparison between samples only and are not meant to represent true accuracy or precision of age determinations.

*we pet P results as mean value for two solid sample replicates.

* Standard deviation as 1o deviation from mean value of wt pet P determined for two solid sample replicates.

? Standard deviation is 20/A/n error of reactive phosphorus and unreactive phosphorus propogated through calculations.
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to 0.002 to 5.68 wt pct P,0Os), with the phosphatic hard-
ground sample having 5.93 wt pct P (13.6 wt pct P,Os;
table 1; fig. 5). Standard deviations (1o) for replicate P
determinations on solid samples ranged from 0.000 to
10.20 wt pct P (48 percent relative error). As with P,
higher P, concentrations were generally found for phos-
phatic shales (from 0.015 to 2.48 wt pct P) and lower P,
concentrations tended to be from dolomitic, siliceous, and
tuffaceous samples (from 0.002 to 0.27 wt pct P) although
there was some overlap in values.

Phosphorus concentrations for the sum of both com-
ponents (Py) ranged from 0.025 to 3.90 wt pct P, with the
phosphatic hardground sample having 8.34 wt pct P (table
1; fig. 5). Standard deviations (16) ranged from +0.001 to
+0.249 wt pet P (5 percent relative error).

The mean P, concentration for shales in the siliceous
facies was 1.4130.34 wt pct, and that for shales of the
phosphatic facies was 0.98+0.21 wt pct (table 2). The
mean P, concentration for siliceous strata of the siliceous
facies was 0.11+0.08 wt pct P, and for the mainly dolo-
mitic strata of the phosphatic facies was 0.06+£0.03 wt pct
(table 2). For the entire Shell Beach section, the mean P,
concentration in shale strata was 1.1640.20 wt pct P and
in other strata was 0.0910.05 wt pct P. This observation
indicates that shale strata generally contain much more P,
than dolomitic or siliceous strata.

Mean P, concentrations in shales of the siliceous
facies (1.2130.52 wt pct) are generally higher than in

shales of the phosphatic facies (0.481+0.22 wt pct; table 2),
though there is some overlap. Mean P, concentrations in
the siliceous strata of the siliceous facies was 0.06+0.07
wt pct P and in the mainly dolomitic strata of the phos-
phatic facies was 0.016+0.003 wt pct (table 2). For the
entire Shell Beach section, the mean P, concentration in
shale strata was 0.78+0.28 wt pct P and in other strata was
0.04+0.07 wt pct P. This observation indicates that shale
strata generally contain much more P, than dolomitic or
siliceous strata (assuming linear and equivalent sedimenta-
tion rates for these lithotypes; see Filippelli and others
(1994) for discussion).

Compared to the terrigenous-flux calculations of
Isaacs and others (1992) for other Monterey Formation
deposits, P, concentrations in some samples from this
study were higher than expected, if these concentrations
record only detrital influx. To examine whether the extrac-
tion technique completely dissolved P, components (an
incomplete dissolution of this component would lead to
apparently high P, values), we compared our results to P
concentration results for a small set of samples that we
treated with two (instead of one) buffered acetic-acid
washes (fig. 6). This also helped to evaluate concerns of
reagent P saturation due to the high P concentrations in
many of the samples. Experiments to determine experimen-
tal separation between P, and Py, show that the original P,
results, with one buffered acetic-acid wash, yielded essen-
tially the same results as the efficiency experiments with
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Figure 5. Stratigraphic height in meters from base of section shown in figure 2 versus
phosphorus concentrations (weight percent (wt pct). A, wt pct reactive P (P); B, wt pct
unreactive P (P,); C, wt pct total P (P), which is the sum of P, and P. Solid squares are
phosphatic shale samples and open squares are other strata, which have mainly dolomitic

and siliceous lithologies.
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Table 2.
ponents, and facies at Shell Beach

[NA, not applicable; wt pct, weight percent]

Mean phosphorus (P) concentrations and error estimates for lithologies, P com-

Reactive phosphorus
s.d.’ Mean S.d. Mean S.d.

No. Lithologic Mean

fmct.ion2 wt pct

Unreactive phosphorus Total phosphorus

wt pct wt pet

Siliceous facies

Shale 9 0.20 1.41
Siliceous 7 0.80 0.11
Weighted mean'  NA NA 0.37

0.34 1.21 0.52 2.62 0.73
0.08 0.06 0.07 0.17 0.13
0.12 0.29 0.14 0.66 0.22

Phosphatic facies

Shale 13 0.73 0.98 0.21 0.48 0.22 1.46 0.41

Dolomitic® s 0.27 0.06 0.03 0.02 0.00 0.07 0.03

Weighted mean'  NA NA 0.73 0.16 0.35 0.16 1.09 0.31
Shell Beach total

Shale 22 0.47 1.16 0.20 0.78 0.28 1.94 0.44

Other lithologies 12 0.53 0.09 0.05 0.04 0.04 0.13 0.08

Weighted mean’ NA NA 0.59 0.11 0.38 0.14 0.97 0.23

' Number of samples.

? Fraction of section (by stratigraphic height) occupied by that lithology. We assume an absolute error of 0.05 on

lithology thickness.

* Standard deviation (20//n) on means for each lithology; 20/A/n standard deviation propogated through the calculations

for weighted mean values.

4 Weighted mean P concentration based on the mean P concentrations of each lithology and the fraction of the section

occupied by that lithology.

* With the exception of one tuffaceous sample,

two buffered acetic-acid washes (fig. 6). Therefore, the
technique we use does result in complete removal of CFA,
which is acetic acid (buffered) soluble. The apparently high
Py, concentrations may be explained by the chemistry and
mineralogy of the CFA minerals themselves and may be the
result of a transformation through time of “reactive” P to
“unreactive” P, a process which yields apparent unreactive
P concentrations that are higher in shale strata, which orig-
inally contained much higher reactive P concentrations than
dolomitic or siliceous strata, than in dolomitic or siliceous
strata. On the basis of Fourier Transform Infrared Spectros-
copy (FTIR) analyses of sedimentary apatites including
samples from the Monterey Formation, recent work indi-
cates that CFA can nonsystematically convert with time to
a “purer” fluorapatite form owing to decarboxylation and
loss of the carbonate ion, which partially substitutes for the
phosphate ion in the CFA mineral lattice (Shemesh, 1990).
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Because fluorapatite is not readily soluble in buffered acetic
acid, this decarboxylation process could result in lower P,
concentrations (and higher P, concentrations) compared to
the postphosphogenesis composition of the sediments. Our
results, indicating relatively high P, concentrations for
some samples from Shell Beach, lend further evidence in
support of this transformation of CFA. These results also
have bearing on the interpretation of our P, and P, concen-
trations. If decarboxylation with time is the cause of appar-
ently higher P, concentrations, then our P, concentrations
are minimum values for the post-phosphogenesis reactive-P
concentration. There is a positive correlation between P,
and P, in phosphatic shales but not in other lithologies
(fig. 7). This correlation may represent the diagenetic trans-
formation of P, to apparent P, or may be tracking a rela-
tionship between sedimentation rate (indicated by P,
concentrations) and reactive P burial.



The mean Py concentration in shales of the siliceous
facies (2.62+0.73 wt pct) is higher than those of the phos-
phatic facies (1.46£0.41 wt pct; table 2). The mean Py
concentration in the siliceous strata of the siliceous facies
was 0.1740.13 wt pct P and in the mainly dolomitic strata
of the phosphatic facies was 0.07+0.03 wt pct (table 2).
For the entire Shell Beach section, the mean P concentra-
tion in shale strata was 1.94+0.44 wt pct P and in other
strata was (.1330.08 wt pct P. These data indicate that
shale generally contains much more Py than dolomitic or
siliceous strata at Shell Beach.

To compare the mean concentration of P contained in
each of the facies, we calculated a weighted mean of P
concentrations in each lithology (shale, dolomite, siliceous)
versus the fraction of the thickness of each facies repre-
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Figure 6. Phosphorus concentrations (weight percent (wt pct)
extracted using standard (two-step) extraction procedure (first
bar of each sample number) and same procedure with an extra
buffered acetic-acid wash during extraction step that releases
reactive P (second bar of each sample number). Sample num-
bers represent following samples from Shell Beach (identified
by sample height): 1, 2 m; 2, 121 m; 3, 105 m; 4, 110 m; 5,
phosphatic hardground at 76 m. Open portion of each bar
represents wt pct reactive P (P,), closed portion represents wt
pct unreactive P (P,), and entire bar is the sum of these two
components (total P (Py)). Typical 1o standard deviation on
replicate analyses for Py determinations is depicted on error
bar at 5 wt pct, and typical 10 standard deviations on replicate
analyses for P, and P, is depicted on error bar at 2 wt pct.
There are no systematic differences between wt pct P, P,,, and
total P for the two procedures used to analyze each of these
five samples. Differences in total-P values for standard and
extra buffered acetic-acid extractions for sample number 5
(phosphatic hardground) probably represent sample heteroge-
neity for this sample rather than real differences in ability of
techniques used to extract P.

sented by that lithology. For the siliceous facies, the mean
P, concentration (0.3740.12 wt pct) was lower than that of
the phosphatic facies (0.7310.16 wt pct), the mean P, con-
centration (0.29+0.14 wt pct) was about the same as that of
the phosphatic facies (0.3540.16 wt pct), and the mean Py
concentration (0.6610.22 wt pct) was lower than that of the
phosphatic facies (1.09+0.31 wt pct) (table 2). Thus,
although shale of the siliceous facies has higher mean P
concentrations than shale of the phosphatic facies, the dom-
inance of shale strata in the phosphatic facies results in it
being equal to or more important than the siliceous facies in
terms of sedimentary-P concentrations. For the portion of
the Shell Beach section studied here, the weighted mean P,
concentration is 0.5910.11 wt pct P, the weighted mean P,
concentration is 0.38+0.14 wt pct P, and the weighted mean
Pt concentration is 0.9740.23 wt pct P (table 2).
Determining the dominant P-bearing components that
reflect a variety of depositional and postdepositional proc-
esses has important implications for P diagenesis and
burial in a high organic-matter productivity continental
margin setting. The P flux to modern continental margin
sediments is dominated by organically bound P (Froelich,
Bender, Luedtke, Heath, and DeVries, 1982; Ruttenberg,
1990; Ruttenberg and Berner, 1993). Because organic P is
a minor portion of total P in our samples (about 1 percent;
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Figure 7. Reactive phosphorus (P,) versus unreactive phospho-
rus (P,,,) in phosphatic shales (filled squares) and dolomitic and
siliceous lithologies (open squares) from Shell Beach in weight
percent (wt pct). There is a correlation between P, and P, for
phosphatic shales, with a linear correlation coefficient 2 of
0.394 (significant at the 99-percent confidence leve! with
n=22). There is no correlation between P, and P, for dolomitic
and siliceous lithologies.
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fig. 4), P originally deposited as organic P must either be
redistributed or lost out of the sediments. The high total P
concentrations observed for phosphatic shale of Shell
Beach, which are minimum estimates, indicate that most
of the P is probably retained and argue for redistribution
of P from organically bound to other forms after burial.
High authigenic/biogenic P concentrations indicate that
phosphogenesis plays an important role in the conversion
of organic P to CFA, and the correlation between P, and
Py, in phosphatic shales indicates that there may be addi-
tional post-phosphogenesis transformations of P, which
need to be investigated.

CONCLUSION

A modified two-step chemical-extraction technique is
effective for determining P concentrations in sedimentary
rocks from the Miocene Monterey Formation. The two-step
technique also enables the separation of reactive P from
unreactive P for the purpose of determining P dynamics
within the reactive marine-P cycle. Greater than 95 percent
of P in the strata studied occurs as reactive P (as authigenic
and biogenic sedimentary components) and unreactive P (as
detritally-associated sedimentary components). Less than 5
percent of P in the strata studied is loosely bound, iron-
bound, and organic P. Organic matter predominates as the
main carrier of P to modern continental margin sediments;
therefore, our results indicate that extensive reorganization
of P between sedimentary components has occurred, prob-
ably as a result of phosphogenesis.

Shales are much more important than other lithologies
(for example, dolomitic, siliceous) in terms of P concentra-
tions at Shell Beach. In shales of the siliceous facies studied
here, mean P, concentrations (1.41+0.34 wt pct P) are
slightly higher than those of the phosphatic facies (0.98+0.21
wt pct P), mean P, concentrations (1.2140.52 wt pct P) are
higher than those of the phosphatic facies (0.4810.22 wt pct
P), and mean P concentrations (2.62+0.73 wt pct P) are
higher than those of the phosphatic facies (1.4630.41 wt pct
P) (table 2).

The weighted mean P concentrations, taking into
account the mean P concentration in each lithology type
and the thickness of the section that that lithology occu-
pies, indicate that the phosphatic facies has a higher mean
Pt concentration (1.0940.31 wt pct P) than the siliceous
facies (0.66+0.22 wt pct P) (table 2). Thus, though shale
of the siliceous facies has a higher mean P concentration
than shale of the phosphatic facies, the dominance of shale
in the phosphatic facies results in it having higher P con-
centrations than the siliceous facies.

The high total P concentrations observed for phos-
phatic shale strata of Shell Beach, which are minimum
estimates, indicate that most of the P is probably retained
and argue for redistribution of P from organically bound to
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other forms after burial. High authigenic/biogenic P con-
centrations indicate that phosphogenesis plays an impor-
tant role in the conversion of organic P to CFA.
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nomic or geologic significance. Many maps include correlations
with the geology.

Miscellaneous Investigations Series Maps are on planimetric or
topographic bases of regular and irregular areas at various scales;
they present a wide variety of format and subject matter. The series
also includes 7 1/2-minute quadrangle photogeologic maps on plani-
metric bases that show geology as interpreted from aerial photo-
graphs. Series also includes maps of Mars and the Moon.

Coal Investigations Maps are geologic maps on topographic
or planimetric bases at various scales showing bedrock or surficial
geology, stratigraphy, and structural relations in certain coal-re-
source areas.

Oil and Gas Investigations Charts show stratigraphic informa-
tion for certain oil and gas fields and other areas having petroleum
potential.

Miscellaneous Field Studies Maps are muiticolor or black-and-
white maps on topographic or planimetric bases on quadrangle or
irregular areas at various scales. Pre-1971 maps show bedrock
geology in relation to specific mining or mineral-deposit problems;
post-1971 maps are primarily black-and-white maps on various
subjects, such as environmental studies or wilderness mineral inves-
tigations.

Hydrologic Investigations Atlases are multicolor or black-and-
white maps on topographic or planimetric bases presenting a wide
range of geohydrologic data of both regular and irregular areas;
principalscale is 1:24,000, and regional studies are at 1:250,000 scale
or smaller.

Catalogs

Permanent catalogs, as well as some others, giving compre-
hensive listings of U.S. Geological Survey publications are avail-
able under the conditions indicated below from the U.S. Geological
Survey, Books and Open-File Reports Sales, Federal Center, Box
25286, Denver, CO 80225. (See latest Price and Availability List.)

"Publications of the Geological Survey, 1879-1961" may be
purchased by mail and over the counter in paperback book form and
as a set of microfiche.

"Publications of the Geological Survey, 1962-1970" may be
purchased by mail and over the counter in paperback book form and
as a set of microfiche.

""Publications of the Geological Survey, 1971-1981" may be
purchased by mail and over the counter in paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for subse-
quent years since the last permanent catalog may be purchased by
mail and over the counter in paperback book form.

State catalogs, "List of U.S. Geological Survey Geologic and
Water-Supply Reports and Maps For (State),” may be purchased by
mail and over the counter in paperback booklet form only.

"Price and Availability List of U.S. Geological Survey Publi-
cations," issued annually, is available free of charge in paperback
booklet form only.

Selected copies of a monthly catalog "New Publications of the
U.S. Geological Survey" are available free of charge by mail or may
be obtained over the counter in paperback booklet form only. Those
wishing a free subscription to the monthly catalog "New Publications
of the U.S. Geological Survey" should write to the U.S. Geological
Survey, 582 National Center, Reston, VA 22092.

Note.--Prices of Government publications listed in older catalogs,
announcements, and publications may be incorrect. Therefore, the
prices charged may differ from the prices in catalogs, announce-
ments, and publications.






